The traditional parameters to evaluate human microcirculation such as mean values of skin blood flux (SBF) and velocity of skin blood flow measured by laser Doppler flowmetry (LDF) failed to find the biological effects of magnetic field (MF) on human microcirculation according to numerous researches. Although this inefficacy of MF indicated by these traditional parameters, other potential parameters were seldom investigated. Therefore, this study aimed to find other potential parameters by using time-frequency analysis as indicators to investigate whether MF affects human microcirculation in future studies. Continuous wavelet transform which has superior frequency resolution in low frequency band was applied in present study to convert two dimensional data of flux signal with low frequency band into three dimensional data involving the temporal and frequency information of the original signal. Six characteristic peaks identified relating to microvascular mechanism were recognized in the frequency interval between 0.005 and 2 Hz and the amplitude of each peak varied with time. This method may provide a new idea and method for the analysis and processing human SBF signal and lay a foundation for future study of MF effects on human microcirculation. However, more studies are needed to demonstrate the interesting and encouraging effects of MF on untraditional parameters such as wavelet coefficients of SBF signal and to explain the precise action mechanism of MF on human microcirculation.
Introduction
The circulatory system is the transport system of the organism that supplies O 2 , ions, hormones, and substances absorbed from the gastrointestinal tract to the tissues, and returns CO 2 to the lungs and other products of metabolism to the liver and kidneys [1] [2] [3] . It also has a central role in the regulation of body temperature, and the distribution of the hormones and other agents that regulate tissue and cell function. The principal function of microcirculation is exchanging physiological substances between blood and tissues. Therefore, good microcirculation is crucial to the maintenance of proper health and conversely abnormality of microcirculation is often implicated in various disease states.
In the past three decades, substantial and growing evidence has proven that MF can accelerate healing after bone fractures [4, 5] and alleviate pain [6, 7] . The effects of MF on circulatory system have been a significant branch of MF biological effects as well. There have been numerous studies exploring the potential effects of MF on the microcirculatory system both in vivo and in vitro studies. Several laboratory studies indicated that MF had interesting effects in experimental animals or people [8] [9] [10] [11] . However, other investigators reported that exposure of magnetic fields failed to induce changes in the microcirculatory system of humans [12] [13] [14] [15] [16] . Notably, there was a common point in those experiments; namely, the mean values of flux and velocity of skin blood flow measured by LDF were more concerned as a main parameter to evaluate the effects of MF on microcirculation. Therefore, we aimed to find other potential parameters to investigate whether MF affects human microcirculation.
In recent years, time-frequency analysis has been widely used to the analysis of heart rate variability and arteries blood pressure [17] [18] [19] . The time-frequency analysis of these rhythmic signals provided a new idea for the analysis of SBF signal. The aim of this study was to find other potential parameters which might provide crucial information to evaluate human microcirculation on the cutaneous blood flow by using continuous wavelet transform. Moreover, this work would lay a foundation for our study group to study effects of MF on human microcirculation in the future.
Materials and Methods

Laser Doppler Flowmetry
Laser Doppler signal gave a continuous, semi-quantitative assessment of microvascular blood flow which was expressed in arbitrary units (AU). In this study, SBF was measured by the laser Doppler perfusion technique using a Laser Doppler perfusion monitor (moorLAB, Moor Instruments Ltd, Axminster, UK) with a skin probe (MP7-V2, 4 mm in radius) which consisted of 8 collecting fibers positioned equidistantly in a 2 mm ring with a central delivery fiber. Flux was the main parameter to evaluate the SBF. The light of 780 nm wavelength was delivered to the probe via a delivery fiber. Then the back scattered light was received and transmitted to the monitor via those 8 collecting fibers. Light signal was converted into electric signal by the monitor at the sampling rate of 40 Hz. The cut-off frequency of the low pass filter was 22.5 kHz, and time constant was 0.1 s. The skin probe was positioned on the dorsal skin which covered the proximal end of middle finger's nail of left hand by a fixture (Moor Instruments) locking the probe. Specifically, the central delivery fiber of the skin probe was held about 3 mm along the proximal direction of finger's central axis from the border of the nail and dorsal skin. The LDF probe was calibrated against a flux standard (Moor Instruments).
Wavelet Analysis of SBF Signal
In analyzing SBF signal, total frequency range of our interest was relatively broad: 0.005-2 Hz [20] [21] [22] , in which the upper limit was 400 times as much as the lower limit. Thus, it was reasonable to select wavelet transform rather than short-time Fourier transform as the tool of spectral analysis, since wavelet transform was a scale independent method comprising an adjustable window length allowing low frequencies to be analyzed using long wavelets and high frequencies using short wavelets [23] .
We define a mother wavelet function
which is limited in time domain. That is, ) (t  has value in a certain range and zeros elsewhere. Another property of mother wavelet is zero-mean. The other property is that the mother wavelet is normalized. Mathematically, they are
As the dilation and translation property states, the mother wavelet can form a basis set denoted by
u is the translating parameter, indicating which region we concern. s is the scaling parameter greater than zero because negative scaling is undefined. The multiresolution property ensures the obtained set   
In this study, Morlet wavelet, which was a Gaussian function modulated by a sine wave, was chosen as the mother wavelet. By using the Gaussian window, the best time-frequency localization could be achieved [21, 22, 24] . The very low frequency noises were eliminated by a moving-average filter which length is 200 s. After pre-processing, the two dimensional SBF signal was converted to three dimensional data by using continuous wavelet transform. To reduce the influence of boundary points [25] , the transform was not calculated for the first and last 200 s.
Results
The typical SBF signal sampled by MoorLab v1.31 for 30 minutes is illustrated in Fig. 1A . The original signal filtered by moving-average filter which length is 200 s is shown in Fig. 1B . The pre-processed signal was converted from two dimensions to three dimensions which include both temporal and frequency information of the original signal (Fig. 2) . Because of big span of frequency bands, we applied logarithmic frequency in order to view all frequency bands' absolute wavelet coefficients in the same plot. From the three dimensional plot of absolute value of the wavelet coefficients, we found that some peaks exist at curtain frequency bands, and the amplitudes of these peaks vary with time. In order a better observation of absolute value of wavelet coefficients, we got the time-averaged absolute value of wavelet coefficients (Fig. 3) . The amplitude in each frequency point was calculated by averaging the wavelet coefficients from 200s to 1600s through that point. We can clearly see that six characteristic peaks exist in frequency range of our interest (0.005~2Hz): I) 0.005~0.0095Hz; II) 0.0095~0.02Hz; III) 0.02~0.06Hz; IV) 0.06~0.15Hz; V) 0.15~0.4Hz; VI) 0.4~2Hz.
Discussion
In recent decades, the biological effects of MF on microcirculation have drawn great attentions of numerous investigators from different countries. In experimental animals, whole body exposure to very low frequency electromagnetic field in mice significantly increased endothelial-adhering leukocytes and a threshold level for this phenomenon existed in the range of 10-30 mT [26] . It is also investigated that pulsed electromagnetic field can elicit significant arteriolar vasodilation in rats [27] . Some investigations indicated that acute exposure of static magnetic field could modulate blood flow [28] [29] [30] . However, according to evaluation parameters such as mean values of flux and velocity of skin blood flow measured by laser Doppler LDF, expected effects as in experimental animals failed to occur in human studies [13] [14] [15] [16] . Therefore, we aimed to find new parameters by using continuous wavelet transform that might be a useful indicator reflecting the biological effects of MF on microcirculation in future researches for our study group. Six characteristic peaks in frequency range of our interest (0.005~2Hz): I) 0.005~0.0095Hz; II) 0.0095~0.02Hz; III) 0.02~0.06Hz; IV) 0.06~0.15Hz; V) 0.15~0.4Hz; VI) 0.4~2Hz were found in three dimensional absolute value of wavelet coefficients and the positions of the peaks would differ from one subject to another, but, for every peak, a frequency band can be defined within which it is found to lie for all subjects. Similar intervals were found in the analysis of the heart rate variability and blood pressure signals [31] . In most of the earlier works, however, the first two, between 0.0095 and 0.02 Hz and between 0.02 and 0.06 Hz, were regarded as forming one, very low frequency (VLF), interval ranging from 0.003 to 0.04 Hz [31] . This difference can be explained by the different methods used for the spectral estimation. Namely, the standards for analyzing heart rate variability were based on Fourier and autoregressive methods. The superior frequency resolution of wavelet analysis in the low frequency band has enabled us to see two distinct peaks in this interval [24] .
According to physiological knowledge that is already known, these six characteristic peaks were identified relating to the microvascular control mechanism: I (0.0005-0.0095 Hz) related to endothelial activity (non-NO-dependent); II (0.0095-0.02 Hz) related to endothelial activity (partly NO-dependent); III (0.02-0.06 Hz) related to neurogenic (sympathetic) activity; IV (0.06-0.15 Hz) related to intrinsic myogenic activity; V (0.15-0.6 Hz) related to respiratory activity; VI (0.6-2 Hz) related to heart activity [20, 31] . Therefore, by observing the changes of absolute values of wavelet coefficients in different frequency bands when exposure to MF, we might find some specific evidence which would relate to action mechanism of MF effects on microcirculation.
Conclusion
Wavelet transform can be used as an effective tool to analyze human SBF signal and provides a new idea and method for analyzing and processing of medical signals which are usually weak and involved strong background noise. In present study, we applied continuous wavelet transform to analyze SBF signal measured by LDF, and the absolute value of wavelet coefficients which involved both temporal and frequency information of the original SBF signal might be related to microvascular control mechanism. As a result, we can use this technique to investigate whether MF affects characteristic peaks obtained by continuous wavelet transform in certain frequency bands. And then, we would find whether MF affects human microcirculation and what the behind action mechanism is. However, more studies both in vivo and in vitro are needed to demonstrate the interesting and encouraging effects of MF on untraditional parameters such as wavelet coefficients of SBF signal, explain the precise action mechanism of MF on human microcirculation and to confirm the applicability of MF for clinical practice.
